Introduction {#Sec1}
============

Anatomy is one of the core courses in medical education, and it is a compulsory course for every medical student and for students in fields related to medicine. Anatomy is a morphological discipline that requires a large amount of human morphological material as a bridge for knowledge dissemination. Traditional anatomy teaching uses wall charts, books, slides, anatomical specimens, and practical anatomy as teaching resources and methods \[[@CR1]--[@CR3]\]. The use of physical anatomical specimens and practical anatomy can obtain the best teaching results \[[@CR4], [@CR5]\].

With the expansion of medical education and the reduction in human anatomical specimens \[[@CR6]\], as well as the limitations of time and place for anatomical training, the quality of anatomy teaching has been seriously affected \[[@CR7], [@CR8]\]. Given the needs of anatomy teaching, the use of virtual reality (VR) technology to construct a virtual anatomy teaching system, based on the Chinese Visible Human (CVH) dataset \[[@CR9], [@CR10]\], could therefore provide real and reusable teaching resources for anatomy teaching \[[@CR11]--[@CR13]\]. In addition to traditional teaching functions, virtual anatomy teaching systems have the advantages of multi-level, multi-angle specimen observation and non-destructive virtual anatomy \[[@CR14]\], among others. This relieves the pressure on anatomical teaching. To a certain extent, it can replace traditional anatomy teaching.

A virtual anatomy teaching system {#Sec2}
---------------------------------

A complete virtual anatomy teaching system includes a variety of anatomical teaching materials, such as a human morphological three-dimensional (3D) model, an anatomical knowledge ontology, an anatomical specimen map, and a video of anatomical operations. The design of a virtual simulation system would be constructed according to the needs of the teaching objectives. The basic steps in the development of a virtual anatomy system are shown in Fig. [1](#Fig1){ref-type="fig"}.Fig. 1Basic steps in the development of a virtual anatomy system

The development of a virtual anatomy teaching system includes the following aspects: (1) digitization and modeling of human morphological structure to construct a 3D model library with texture; (2) digitization of anatomical knowledge and modeling symbols to construct an anatomical knowledge ontology; (3) semantic association of the 3D model library, anatomical knowledge ontology, and conventional anatomical resources (such as videos, maps, animations, etc.) to construct a resource library of human anatomy teaching; and (4) construction of a virtual anatomy teaching system appropriate for the particular teaching purpose using VR devices and technology.

Therefore, the virtual simulation of anatomical teaching systems must address three core issues: modeling, perception, and interaction. Modeling refers to the kind of model to be built and the construction of specific models to meet the needs of virtual simulation; perception refers to the kind of knowledge and experience that needs to be communicated by the system, as well as how they can be effectively perceived by the learner and whether the perceived content is required by the learner; interaction refers to ensuring that the form of interaction with the system is an effective means of knowledge dissemination.

Modeling {#Sec3}
--------

Virtual simulation models are the core and foundation of the operation of virtual anatomy teaching systems, especially 3D digital anatomical models. A virtual simulation teaching system with only digital anatomical models can only transmit knowledge of morphology. It cannot express the anatomical knowledge refined by predecessors and the related physiological functions. The simulation models of the virtual anatomy teaching system constructed here contain 3D digital anatomical models of human morphological structure and anatomical knowledge ontology.

### Morphological modeling {#Sec4}

The CVH images are optical images obtained by milling and cutting human cadaver specimens using frozen tomographic milling technology. These images have ultra-high spatial resolution, and the structures are recognizable. Complete and realistic 3D models, that is, digital anatomical specimens, can be obtained by image segmentation and 3D reconstruction of these images. Most of the virtual simulation models used in the virtual anatomy teaching system come directly from these digital anatomical specimens.

In order to express the authenticity and comprehensibility of specimens more effectively, some 3D reconstructed models usually need to be patched and beautified, such as 3D models of the brain and sulcus. Some structures lacking original data sources need to be hand drawn according to their morphological features and spatial adjacency, such as white matter fiber bundles of the brain, blood vessels of the fingers, and diaphragms. Obvious feature information of some anatomical structures is difficult to obtain using optical imaging tomography, usually requiring additional imaging data for supplementation, such as clinical imaging, tissue sectioning, and other data. For example, the white matter fiber bundle of the brain is white on the sectional specimen, so it is impossible to distinguish each white matter fiber bundle. It is necessary to use the diffusion tensor imaging data of white matter to construct each white matter fiber bundle required for the virtual simulation teaching system. In addition, morphological information of each nerve nucleus in the brain stem needs to be obtained by stained tissue sections, and the dynamic 3D model of the heart comes from the sequence data of the multi-period in the cardiac physiological cycle.

Under the principle of not affecting the morphological expression of the structure, the number of patches of the constructed 3D models is deleted as appropriate, and pseudo-color and texture mapping processing is performed. Finally, a 3D model library of human morphological structures required by the virtual simulation teaching system is formed (Fig. [2](#Fig2){ref-type="fig"}). The selected texture map is based on the colors and textures of the real anatomical specimens and combines the functional expressions of the human body structure. Learners can thereby obtain visual and intuitive perceptions from the 3D digital anatomical models. For example, the map of the muscle model is based on the actual anatomical specimen map, and the red arterial blood vessels indicate the presence of oxygen-rich arterial blood.Fig. 2Modeling process of human morphological structures

### Knowledge modeling {#Sec5}

First, it is necessary to extract anatomical knowledge from anatomical textbooks, as well as the correct anatomical nouns, according to the proposed rules and to formulate the anatomical terminology and its characteristic extraction and knowledge derivation rules according to the characteristics of anatomical knowledge. It is then necessary to construct the anatomical knowledge ontology, Bo = {At, Rel, P, Rol, Mk}, where Bo is the anatomical ontology, At is the anatomical terms, Rel is the relationship between the terms, P is the attributes of the anatomical nouns, Rol is the rules and functions related to the anatomical nouns, and Mk is the metadata providing clear specifications of the attributes, relationships, rules, functions, and definitions.

Anatomy knowledge ontology is an abstraction of anatomical knowledge, covering the anatomical knowledge points that medical students need. It includes anatomical nouns, morphological descriptions, physiological functions, and other related information but lacks an intuitive morphological display. Assigning the ontology to a specific individual can realize the instantiation of anatomy knowledge ontology, Bs = {Bo, Bi, Bm, Ps, RL}, where Bo is the anatomical ontology, Bi is the basic information of the individual, Bm is the 3D model of the individual, Ps is the individual tomographic image, and RL is the relationship between spatial position and terminology. The models instantiated inherit all the relationships and attributes in the anatomy ontology and contain the unique information and 3D visualization model (Fig. [3](#Fig3){ref-type="fig"}). The instantiation of the anatomical ontology can realize the organic relationship between the spatial information and the anatomical knowledge of the morphological structure, which is conducive to the perception and propagation of anatomical knowledge.Fig. 3Example of knowledge modeling

Virtual anatomical models are the basis of the virtual anatomy teaching system. The advantages and disadvantages of the simulation models directly affect the perceived effects and the convenience of interactions. The accuracy and integrity of the models determine the accuracy and integrity of knowledge expression, which plays a vital role in the development of the simulation system.

Perception {#Sec6}
----------

Knowledge perception is intended to help students acquire knowledge. It is necessary to consider the integrity, systematization, and authenticity of the knowledge, as well as whether its performance is realistic, whether the sense of operation is close to reality, and whether it is readily acceptable.

The Yi Chuang Digital Human Anatomy Teaching System (Fig. [4](#Fig4){ref-type="fig"}) is a virtual anatomy teaching system built on the basis of digital human data from China. There are 5000 digital models reconstructed by 3D modeling and manual drawing, meeting the teaching requirements of medical undergraduate and postgraduate stages. The constructed 3D models (Fig. [5](#Fig5){ref-type="fig"}) are meticulous and distinctive, capable of truly reflecting the morphological features of normal human anatomical structures and spatial proximity relationships. The use of the appropriate texture maps make it possible to interpret the characteristics of anatomical structures in terms of morphological structure and functional information that are authentic and credible in terms of visual perception. For some abstract concepts, the knowledge points that need special identification are supplemented by other materials, such as nerve conduction, joint movement, and practical anatomy operations, which are displayed through animation and video (Additional file [2](#MOESM2){ref-type="media"}).Fig. 4Yi Chuang digital human anatomy teaching systemFig. 5Examples of the virtual anatomical models

The design of the system's content fully considers the teaching needs of different levels and different purposes and sets up multiple anatomy courses, including specific professional anatomy courses. Functionally, systematic anatomy, topographic anatomy, sectional anatomy, and surface anatomy are provided, and special professional anatomy courses, such as nursing anatomy and sports anatomy, are distinguished. The knowledge system expressed by the system is complete, systematic, and authentic. The knowledge in the virtual environment is realistic at the visual level and has a long-term visual tolerance.

Anatomy knowledge is the main subject of the virtual anatomy teaching system but also the core content of knowledge communication. This system guarantees a realistic perception of knowledge. The learner acquires the anatomical knowledge through their perception of the system. The effectiveness of the system's perceivability determines the learner's efficiency in grasping the knowledge, which reflects the rationality of the system design. The richness of the perceived content determines the integrity and systematization of the system.

Interaction {#Sec7}
-----------

The interaction of the system must focus on the transmissibility of knowledge. The selection and design of interactive systems should be based on the habits of learning and dissection, focusing on visual and auditory interactions. The convenience, usability, and sustainability of interaction are key factors in whether a virtual simulation system can be used in practice.

In terms of interactive devices, the virtual anatomy teaching system that we constructed is divided into two types: a 3D plane interactive system and a 3D stereo interactive system. The 3D plane interactive system mainly involves a desktop computer and a touch screen. The 3D stereo interactive system mainly involves a desktop stereo interactive system, a 3D stereoscopic projection system, and a helmet-type stereo interactive system. Different interactive systems have different teaching purposes and effects (Fig. [6](#Fig6){ref-type="fig"}) (Additional file [1](#MOESM1){ref-type="media"}).Fig. 6Interaction of the virtual anatomy system

The 3D plane interactive systems generally use a flat panel display and projection as the display interface, with a mouse used as an interactive tool for teaching content. The selection of knowledge content and the virtual anatomical operation of the 3D models through hyperlinks and semantic associations are generally applicable to single-person learning. All the display devices of a 3D stereo interactive system have 3D stereoscopic display functions, and the input devices usually have multiple-degree-of-freedom interactive devices, such as six-dimensional handles, styluses, and data gloves. The desktop stereo interactive system and the helmet-type stereo interactive system are mainly used for personal learning. The 3D stereoscopic projection system is suitable for broadcast teaching, and the helmet-type stereo interactive system is suitable for adding a virtual anatomical environment with a strong sense of presence. Because a stereo interaction system entails a certain amount of visual fatigue and is not suitable for long-term use, it is more suitable for the study of spatial shape knowledge and the adjacent relationships of anatomical structures. The learning of other knowledge points can use the 3D plane interactive system.

In terms of knowledge interaction, the virtual anatomy teaching system uses the word, semantic association, and contrast approaches for quick selection, jumping, and multimode display. The settings of words can be flexible for the teachers' and students' learning content, reducing the users' concerns about the operational steps, allowing them to focus on the acquisition of knowledge. Semantic association can realize the association and jumps between different knowledge system contents (such as systematic anatomy and topographic anatomy), thereby realizing the visualization and rapid positioning of knowledge. An overlay display of a variety of anatomical materials can not only deepen understanding of knowledge but also can guide its learning and mastery.

In terms of the interaction of 3D digital models, the virtual anatomy teaching system implements the display of shallow and deep structures, as well as the relationship between morphological structures, through display, concealment, and transparency. In addition, we can observe the digital 3D morphology of anatomical specimens by rotation, focus on an organ in its entirety, or zoom into local details of morphological features. Virtual cutting of digital human datasets enables the display of any section. The use of specific combinations of models makes it possible to realize the display of local hierarchies and can be compared with dissection to guide students' operations.

Discussion {#Sec8}
==========

With the help of a variety of interactive devices and technologies, the teaching effect of this virtual anatomy teaching system is close to that of physical specimens. This virtual system can constitute an interactive teaching resource directly used for anatomy teaching, self-study, and dissection. Anatomical specimens required for anatomy teaching can be replaced to some extent by 3D digital anatomical models in this virtual anatomy teaching, not being limited to teaching laboratories \[[@CR1], [@CR15], [@CR16]\]. Teaching with a virtual anatomy teaching system has many outstanding advantages over traditional anatomy teaching, such as the non-destructive nature of the specimens, the arbitrary combination of 3D structure displays, and the rapid positioning and association of various forms of anatomical knowledge. These can make up for the shortcomings in current anatomy teaching, enhancing the teaching effect \[[@CR14], [@CR17]\].

A particular digital device can only obtain structural data within a finite scale range. Digital information of all required structures is also difficult to obtain through a single imaging method \[[@CR7]\]. In this virtual anatomy teaching system, the combined application of multi-scale and multi-modal data ensures the integrity, systematization, and authenticity of the library of 3D digital models \[[@CR18], [@CR19]\]. Accurate and complete digital anatomical specimen models are constructed by CVH datasets \[[@CR14]\]. These 3D digital models constitute most of the morphological data in the virtual anatomy teaching system. Supplemented by clinical imaging data, tissue section data, and hand-drawn models, it can compensate for the CVH's lack of spatial scale and single imaging modality. In the authentic expression of the models, the texture map is produced by combining the real picture of the actual specimen with the pseudo-color that can enhance perception, such as the texture and color of the muscles and tendons, and the exaggerated color expression of the blood vessel. This can effectively enhance the student's anatomical understanding and memory.

Moreover, the construction and instantiation of anatomical knowledge ontology contributes to the semantic association of anatomical terms, concepts, physiological functions, and morphological structures, which enables the organic integration of various kinds of anatomical knowledge, ensuring the integrity and systematization of knowledge expression \[[@CR20]--[@CR22]\].

This virtual anatomy teaching system is diverse in its representation of models. It can quickly select the model and knowledge structure to be displayed and can display both the 3D model and the sections in combination. It can quickly produce an accurate observation of a single model. Supplemented by 3D animations, it can enhance the understanding of anatomical knowledge. It can simulate multi-level observations of anatomical structures in local anatomy, as well as some special virtual anatomical display methods, enhancing the perception of knowledge \[[@CR23]\].

The realistic reproduction of 3D digital anatomical models, the organic association of anatomical knowledge, and the use of various interactive means enable this virtual anatomy teaching system to reflect fully the transmissibility and usability of knowledge. These features make the virtual anatomy teaching system similar in perception to actual anatomy teaching and can achieve the effect of actual anatomy teaching. The true, complete, and correct digital anatomical models and anatomical knowledge ontology are the core of anatomical knowledge dissemination. Combining the 3D plane with the 3D stereo display mode, 3D spatial information can be obtained, and long-term knowledge acquisition can be generated. The mouse and multiple-degree-of-freedom interactive device can meet the operating behaviors of the masses to a certain extent and can approach the actions of actual dissection. However, due to the large technical difficulty of digital model cutting and deformation, the force feedback device is still struggling to reproduce the real feel. The virtual anatomy teaching system thus still has a major shortfall in the simulation of practical anatomy.

Conclusion {#Sec9}
==========

The purpose of constructing the virtual anatomy teaching system is to spread anatomical knowledge. The core content is the construction of 3D digital models, the perception of anatomical knowledge, and the interaction of systems and knowledge. In the design and application of virtual anatomy teaching systems, the simulation models are the foundation, the perceived content comprises the main body, and the interaction is the means of knowledge dissemination. The pros and cons of these determine the transmissibility of knowledge and the acceptability of the system. The applicability of the virtual anatomy teaching system depends on the fidelity of the 3D models, the integrity and systematization of the anatomical knowledge, and the interoperability of the system. In particular, effective, convenient, and durable interaction is the key to determining the success or failure of the virtual anatomy teaching system.
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